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Abstract – Radio communication is becoming more widely used in underground mining, although it is still a challenge to achieve good quality and reliable coverage. This research provides information to assist mining professionals in designing voice or data communication systems that operate underground by transmitting along mine tunnels. This has been achieved by presenting a simplified model for predicting the propagation of microwave signals and supplementing this with the results of an extensive experimental study aimed at understanding how the performance predicted by the model differs from real-world performance. The results validate the model under ideal conditions but additional signal attenuation is shown to occur when operating close to a wall, behind a partial obstruction or in a side tunnel. Experimental results indicate the typical magnitude of such additional attenuation. Also, long- and short-range fluctuations to the predicted average is demonstrated and their typical magnitude shown. A system planning approach is outlined.
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1 Introduction
The use of radio in underground mines – in the form of wireless sensor networks, Wi-Fi networks and voice links, and utilised in the areas of monitoring and control, personnel or asset tracking and person-to-person communication – is not nearly as well established as in many other industries, despite its advantages compared to wired links. This is due, in part, to the fact that radio propagation along tunnels is not as fully understood as in other environments despite ongoing research.
The propagation of radio waves in tunnels has been extensively studied by several researchers during the last 40 years at a range of frequencies from LF to microwave. For example, extensive studies were reported in (Emslie et al., 1975; Legace et al., 1975), involving UHF and microwave frequencies. The main conclusion drawn was that, at the higher UHF and microwave frequencies, tunnels act as lossy dielectric waveguides.
A recent review of approaches for modelling the propagation of radio signals in tunnels is presented in (Hrovat et al., 2014). Four main techniques were identified: numerical solutions to Maxwell’s equations, ray tracing, empirical two-slope modelling and modal analysis.
Maxwell’s equations, that define the variations of electric and magnetic fields in space, can be solved by several numerical methods such as FDTD (Finite Difference, Time Domain) modelling. (Ramirez et al., 2011; Zhou and Jacksha, 2015a) have described how the FDTD approach can be used for modelling radio propagation in tunnels but the technique remains highly computationally intensive.
Modelling based on ray tracing is able to characterise tunnel propagation with a high degree of accuracy, e.g. (Mahmoud and Wait, 1974; Hwang et al., 1998; Choudhury and Jha, 2011). Modern software simulation packages rely on accurate models of the tunnels in order to predict the tunnel propagation using the geometrical ray technique. However, the necessary geometrical models of the tunnels have to be obtained using 3D surveying techniques such as laser scanning, which can be onerous. This is especially true in mines that could contain many kilometres of passage and where the characteristics of the passages can change on a day-to-day basis. Such changes occur due to moving machinery and vehicles plus the fact that the process of mining, by definition, alters the physical dimensions and architecture of some parts of a mine. This limits the value of ray tracing techniques for practical system planning.
The two slope model considers the tunnel to be split into two regions, the rate of signal attenuation in the region close to the transmitter being greater than that in the more distant region. This model has been used in a purely empirical fashion by Klemenschits and Bonek (1994), although this does not result in a high level of accuracy. Other researchers have described more than two regions, Hrovat et al. (2010), for example, consider four regions. Although empirical models don’t provide the accuracy needed for network planning, the approach of dividing the tunnel into regions and employing different theoretical models in each of the regions can provide good results, as demonstrated by Zhang (2001).
Another important modelling approach uses modal theory and is based on a lossy waveguide model (Emslie et al., 1975). This allows the attenuation rate to be calculated for tunnels, using data on their cross-sectional dimensions, with modifications to take account of wall roughness and tilt. The various studies presented in (Emslie et al., 1975; Delogne, 1982; Wait, 1975; Deryk, 1978) contain combinations of experimental results and theoretical analysis. By modelling the lowest order dominant waveguide mode, this technique has been shown to produce results that are in good agreement with experimental verification. However, such calculated attenuation rates are averages and are not able to predict long- and short-range variations from the average. Such variations are due, in the main, to interactions between different waveguide modes. Some researchers, e.g. (Mariage et al., 1994; Dudley et al., 2007; Rizzo et al., 2013) have modelled several waveguide modes and demonstrated how these interact to produce a cyclical level of attenuation close to the transmitter; some have confirmed this experimentally. However, this increased accuracy is at the expense of a greater level of computational complexity.
Several scenarios cannot be modelled by the simple application of the lossy waveguide model but have been studied theoretically be a number of researchers. For example, propagation into side tunnels at junctions has been modelled in (Lee and Bertoni, 2003; Zhou et al., 2016), the influence of partial obstructions such as vehicles is reported in (Arshad et al., 2008; Sun and Akyildiz, 2010) and propagation when it is necessary for the antennas to be located close to a wall has been investigated in (Wu and Wassell, 2008; Zhou and Jacksha, 2015b). Modelling these effects is much more complicated than the simple application of modal theory and is, therefore, not ideally suited to network planning by practitioners, as opposed to theoreticians.
A programme of experimental work would add valuable additional insight into the degree to which modelling based on the simple lossy waveguide theory can predict actual performance and the accuracy of these predictions. Where previous researchers have reported experimental work, e.g. (Legace et al., 1975; Zhang and Hwang, 1998; Djadel et al., 2002; Nerguizian et al. 2005; Boutin et al., 2008), it is usually used to confirm theoretical models, as opposed to providing practical guidance to practitioners. Moridi et al (2014) is one of the few researchers to have conducted experimental work for tunnelling and mining professionals but the results relate only to low-power ZigBee at 2.4 GHz in straight and curved tunnels. Increasingly, however, wireless networks also use 5.8 GHz, standards other than ZigBee are important (e.g. IEEE 802.11x Wi-Fi), and they will often need to operate under a wider range of environmental conditions.
The work described in this paper aims to present a simplified model that can be used by mining professionals and to demonstrate how performance in typical tunnel conditions differs from that predicted by the model. This will allow practitioners planning an underground communication system to adopt a two-stage approach. First, using the readily obtainable tunnel characteristics of cross-sectional dimensions, wall roughness and tilt, an average attenuation rate is calculated from a simple application of modal theory. Then, using information about the likely differences from the performance as predicted by the model, a system can be planned with adequate ‘head room’ to cope with the expected variations. These deviations take two forms and both have been studied. First, because of the presence of higher order waveguide modes than those included in the simplified model, short- and long-range fluctuations are superimposed on the predicted average level of attenuation. Second, although the model assumes the ideal conditions of operating over a line-of-sight path with the transmitter and receiver in the cross-sectional centre of a tunnel, practical considerations sometimes prevent this. Therefore, operation close to the tunnel wall, in the presence of a partial obstruction such as a vehicle or machinery, or when line-of-sight is lost due to progressing a short distanced into a side tunnel, were studied.
In some instances the information presented in this paper will be sufficient to assess the probable differences between the model and real-world performance, and so design suitable networks. However, even if a tunnel is considered to be substantially different from those referred to here, it is envisaged that a modest program of experimental work will allow the particular propagation characteristics of the tunnel to be identified so that the same two-stage design methodology can then be employed.
2 Theoretical Analysis
2.1 Lossy Waveguide Theory
A major aim of the work presented here is to compare experimental results against the relevant theory so that the value of such a theoretical analysis for performance prediction can be determined. Although the applicable theory is well known to theoreticians specialising in sub-surface communication, it has been included here to provide a simple introduction to mining engineers for whom the primary interest is in the practical application of radio communication equipment in mine tunnels.
The modelling approach that has been adopted involves the application of the lossy waveguide model because it does not require access to a highly accurate 3D survey of the mine that would be required for the ray tracing approach nor the high-power computing facilities that would be necessary for FDTD modelling.
Waveguides are hollow metal pipes that are used to transmit signals from the transmitter to the antenna in high-power microwave transmitting stations. Waveguides have low rates of signal attenuation but will only operate at frequencies above their cut-off frequency, a parameter that is inversely proportional to the waveguide’s cross-sectional dimensions. Electromagnetic waves will propagate in a waveguide in a number of modes that are either transverse electric, TE, or transverse magnetic, TM. TE modes have electric (E) fields that are only transverse to the direction of propagation and magnetic (H) fields that are both longitudinal and transverse to the direction of propagation; the converse is true of TM modes. Sadiku (2014) provides a good introduction to waveguide theory.
Tunnels can also act as waveguides at frequencies above their cut-off but, because the walls are not prefect conductors, they are referred to as ‘lossy’ or dielectric waveguides. As described by Emslie et al. (1975), tunnel waveguide propagation is lossy because, when a radio wave reaches the wall of the tunnel, it is partially refracted into the surrounding dielectric and partially reflected back into the waveguide, the refracted part propagating outside the waveguide and, therefore, representing a power loss. Because of this, mine tunnels have a greater rate of attenuation than properly designed metallic waveguides but they can still exhibit rates of attenuation that are much lower than in an indoor office or factory environment or even outdoors.
Because a tunnel waveguide is not a perfect conductor, and in fact it has four lossy dielectric walls, whereas the standard TE or TM modes assume a homogeneous medium, the waveguide modes cannot be classified as either purely TE or purely TM as they are in metallic rectangular waveguides. Instead, the hybrid E(v) and E(h) modes, which can be thought of as a hybrid of TE and TM modes, apply. These have both electric and magnetic fields in the direction of propagation, the E(v) modes having electric components in the vertical direction and the E(h) modes having electric components in the horizontal direction. A vertically aligned antenna will predominantly couple to the E(v) modes but a horizontally aligned antenna will predominantly couple to the E(h) modes. Normally the antenna will be aligned parallel to the tunnel’s largest cross-section dimension although the more practical vertical arrangement will often be used where the width is only slighter greater than the height. 
According to (Emslie et al.,1975), the attenuation of the vertical  modes, , in Np per unit length, which should be used in the case of vertical antennas, is given by equation (1), where εr(h) and εr(v) are the relative permittivity of the horizontal and vertical walls, λ is the wavelength and w and h are the tunnel’s width and height.
		(1)
Also from (Emslie et al.,1975), the attenuation of the horizontal  modes, , in Np per unit length, which should be used in the case of horizontal antennas, is given by equation (2).
		(2)
It will be noted that equation (1) includes a physical property of the walls referred to as the relative permittivity which depends on the type of rock. It varies from around 2.5 to 70 for soil and rocks (Schön, 2015); however, Cook (1975) further suggests that 4 to 10 is a more typical range for common rocks. A relative permittivity figure of 10 was selected for this study, as it was determined to be good estimate in the absence of accurate figures and the model is relatively insensitive to small differences. It is noted that water has a relative permittivity of 80, so it can have a significant effect on permittivity, but commonly, and certainly in the tunnels used in this study, the rock’s limited porosity will minimise the degree to which water could affect the rock’s bulk permittivity. However, if data is available, the presence of water can be accounted for if necessary.
The integers m and n in equations (1) and (2) define the so-called waveguide mode, which is the number of half-cycle variations in the x-direction and the y-direction respectively. Many waveguide modes are generated at the transmitter, but the rate of attenuation increases with the mode and this has implications on which modes have to be modelled. As a result of the different rates of attenuation, a large number of waveguide modes is present in the vicinity of the transmitting antenna, but the higher order modes become less important as the distance from the antenna increases. Although modelling and summing several modes allows the cyclical variations in attenuation caused by the interaction between the modes to be observed, in the interests of simplicity, a different approach has been taken here. That approach is to model just the lowest order waveguide mode,  or , which becomes dominant as the range increases, and to model the region of high attenuation close to the antenna, where higher order modes make a significant contribution, as free-space propagation. This approach, as quantified in equations (5) and (6), was described by (Zhang, 2001) and provides a good approximation.
In the region distant from the antenna, where the low-order waveguide mode dominates, attenuation due to geometrical imperfections in the tunnel walls – specifically roughness and tilt as outlined in (Emslie et al., 1975) – should be added to the waveguide attenuation calculated using equation (1) or (2).
Roughness is defined as local variations in the level of the surface relative to the mean level of the wall surface. The additional attenuation in Np per unit length due to roughness, Lr, is given by equation (3), where Δh is the RMS wall roughness.
		(3)
Roughness values of 0.5 m for Holman’s Test Mine and 0.1 m for Ashbourne Tunnel were used.
Tilt is defined as the long-range angular variation between the tunnel walls and the tunnel’s centre line. The additional attenuation in Np per unit length due to tilt, Lt, is given by equation (4) where θ is the RMS wall tilt in radians.
		(4)
However, Zhang (2001) suggests that this formula over-estimates tilt loss so an average scaling factor of 1.8, derived from that paper, was applied to obtain a more accurate result. The values used for tilt were 1° for the Holman’s Test Mine and 0.5° for Ashbourne Tunnel. 
As explained in the previous discussion of waveguide modes, it is possible to calculate and combine the attenuation values for the most significant waveguide modes and this would allow, for example, the periodic fading with distance that occurs in tunnels to be captured. However, a different solution has been adopted here so that results can be obtained much more easily. This will be attractive to practitioners, as opposed to theoreticians. Furthermore, the technique has been shown to provide a good approximation in many tunnels and, when the results are used in conjunction with the experimental results presented here, an adequate prediction of performance can be obtained. The modelling approach, as described in (Zhang, 2001), considers the tunnel to be split into two regions that are delimitated by a breakpoint , db, i.e. a physical distance from the transmitter, which is given by equation (5).

		(5)
At a closer distance than the breakpoint, the behaviour is analogous to free-space propagation as defined by (IEEE, 2014) so attenuation, Lfs in dB per unit length, is defined by equation (6) where d is the distance between the transmitter and the receiver.
		(6)
After the breakpoint, the lossy waveguide model as defined by equation (1) or (2) is used, assuming that only the lowest order mode is present, and modified to take account of the additional attenuation caused by roughness and tilt, as defined by equations (3) and (4).
2.2 Path Loss Analysis
Path loss analysis permits the range to be determined for particular transmitter and receiver hardware if the attenuation rate is known or, conversely, it can be used to determine the hardware required to achieve a given range.
Based on (Friis, 1946), equation (7) defines the link budget where Prx is the received power, Ptx is the transmitter power, Gtx is the transmitter antenna gain, Ltx is the losses in the transmitter antenna feeder, Grx is the receiver antenna gain, Lrx is the losses in the receiver feeder and Lpath is the total attenuation along the transmission path, all powers being in dBm, and gains and losses are in dB.
	Prx = Ptx + Gtx – Ltx + Grx – Lrx – Lpath	(7)
For a known receiver sensitivity Srx (in dBm), therefore, the maximum permissible path loss is given by equation (8).
	Lpath = Ptx + Gtx – Ltx + Grx – Lrx – Srx	(8)
By applying equations (1) to (6), the path loss can be determined for any given range. Because of the high levels of spatial fluctuations that occur in tunnel environments, as demonstrated by the experimental results, it is necessary to provide some ‘head room’ by adding an additional amount, related to the amplitude of these fluctuations from the average, to the left-hand side of equation (8). The value of this additional path loss will depend on the percentage reliability required of the communication link when the maximum range is approached or in non-ideal conditions such as loss of line-of-sight or in the presence of obstructions.
It should be noted that, although the application of equations (1) to (6) provides a path loss figure for the complete distance between the transmitter and the receiver, for practical reasons, the graphs of experimental results and their associated theoretical traces show attenuation figures relative to a point 1 m from the transmitter. Figures relative to the 1m point can be converted to total path loss figures by adding the theoretical free space attenuation for a distance of 1 m. These figures are 40.0 dBi at 2.4 GHz or 47.7 dBi at 5.8 GHz, according to equation (6).
3 Experimental Results and Discussion
3.1 Test Locations
Tests were carried out in the following two tunnels which have very different characteristics and represent the diversity of mine tunnels.
1) A tunnel in the Holman’s Test Mine, a hard rock mine in Cornwall, UK. It is unlined, largely straight, and has an average width of 3.0m and height of 2.5 m. The tunnel is shown in Fig. 1 which also illustrates the experimental setup.
2) A disused railway tunnel in Ashbourne, Derbyshire, UK. It is straight and brick-lined, approximately 8 m wide at its widest, 7 m wide at its base and 6 m tall. The tunnel is shown in Fig. 2 which also illustrates the experimental setup. Only the central 250 m was used to ensure that the proximity of a portal would have no effect on propagation.
Both tunnels contain electrical wiring which can aid propagation via monofilar mode. However, this will not have affected the experimental results because the cables were very close to the walls, a condition that causes high monofilar mode attenuation, and monofilar mode is only dominant below 100 MHz.
3.2 Test Equipment
A 1 W (30 dBm) CW beacon was used as the transmitter in the 2.4 GHz band and a 150 mW (22 dBm) CW beacon was used in the 5.8 GHz band. The receiver was a Willtek 9103 spectrum analyser. Vertically oriented 9 dBi omni-directional antennas were used on 2.4 GHz for both transmit and receive, and vertically oriented 11 dBi omni-directional antennas were used on 5.8 GHz.
3.3 General Procedure & Result Presentation
The test procedure varied slightly between one category of test and another, so details are given in the sections describing each of the tests, but the general procedure is presented here. A fixed receiver was set up, with a tripod-mounted antenna to prevent accidental movement, close to the tunnel’s cross-sectional centre. The transmitter was positioned with its antenna close to the tunnel’s horizontal cross-section (except for those tests where it was deliberately held closer to a wall) at a height of 1.5m, which is considered typical for hand-held equipment, and was moved between several positions relative to the receiver and the signal strength was recorded at each position. 
In those tests that involved moving in large steps of 10 m or 1 m longitudinally, the transmitter antenna was moved by hand by up to 100mm in each direction from the nominal positions and the maximum useable signal strength was recorded. This provides a more useful result than deriving the average of a large number of readings because it parallels the actions of a user who is constrained to an approximate operating location but is able to fine-tune the antenna position. However, because it is useful to have some knowledge of the degree of short-range variability which occurs in tunnels, separate short-range variability tests were also conducted.
The rationale of using a mobile transmitter and a fixed receiver followed preliminary tests that indicated, in some locations, that this resulted in poorer agreement with theory and greater variation in signal strength. Because most applications involve any station both transmitting and receiving, characterising the behaviour of the least reliable element allows the overall performance of a communication link to be judged.
In each test, the reported attenuation values are relative to the signal strength at the 1 m point at the start of each test run. Results are presented as XY plots of attenuation against distance with a calculated trace of attenuation (derived as described in Section 2.1) plotted on the same axes to allow the differences between theoretical and practical values to be assessed. Statistical measures of the average and standard deviation of the error (theoretical attenuation minus measured attenuation) and the relative percentage root mean square error (Relative RMSE) are provided where appropriate.
3.4 Centre-line and Wall Proximity Tests
The purpose of these tests was two-fold. The first purpose was to measure attenuation in the cross-sectional centre of a straight tunnel and compare the results of this ideal scenario with theoretical figures. The second purpose was to determine the effect of operating the mobile transmitter close to a tunnel wall as will sometimes be necessary because of practical considerations. 
The mobile transmitter was moved from a longitudinal range of 1 m, in steps of 10 m, until the end of the usable portion of the tunnel was reached. The transmitter was first moved along the centre-line of the tunnel, i.e. equidistant from the two walls, and then 300mm from one of the walls, a worst case scenario if a user of handheld equipment has to walk adjacent to the wall because of an obstruction. Attenuation figures were calculated relative to the 1 m point in the cross-sectional centres of the tunnels. The experimental results are presented as Fig. 3 for Holman’s Test Mine at 2.4 GHz, Fig. 4 for Holman’s Test Mine at 5.8 GHz, Fig. 5 for Ashbourne Tunnel at 2.4 GHz and Fig. 6 for Ashbourne Tunnel at 5.8 GHz. Statistical measures of the errors between the experimental results and theoretical calculations for both locations at both frequencies are presented as Table 1. 
The average error in the centre line traverses is, in general, sufficiently small to confirm the validity of the theoretical model. In particular, there is an initial high level of attenuation followed by a lower level of attenuation as predicted by the model. Overall attenuation is higher in Holman’s Test Mine than in Ashbourne Tunnel due to the smaller cross-sectional dimensions, although in both the tunnels attenuation is similar for each of the frequencies. Although this might suggest that the choice of frequency could be made for other reasons – for example 5.8 GHz would be needed for higher speed WiFi standards such as IEEE 802.11ac – the propagation characteristics of the two frequencies differ in other respects, most notably their resilience to loss of line-of-sight as discussed in Section 3.5.
Significant fluctuations were noted on both frequencies in each of the tunnels. Fluctuations in excess of 5 dBm either side of the trend were noted, on both frequencies, in Holman’s Test Mine, whereas the figure approached 10 dBm in Ashbourne Tunnel. A major contributory factor to these large fluctuations is undoubtedly the high levels of constructive and destructive interference that occur in such multi-path environments. Another potential factor is the efficiency of the coupling of a signal into the tunnel waveguide. Since neither of the tunnels has a uniform cross-section, Holman’s Test Mine having several intersections and Ashbourne Tunnel having occasional safety niches, it is speculated that signals will better couple into the waveguide at some transmitter positions than others although, in general, no correlation between signal strength and geometric features of the tunnel was observed. It is speculated that the higher levels of long-range fluctuations in Ashbourne Tunnel is due to the tunnel’s greater diameter so the breakpoint between free-space and waveguide propagation is further from the transmitter and waveguide propagation will not have been as well established. 
In Holman’s Test Mine attenuation increased when the transmitting antenna was close to the wall. On average, the attenuation was around 7 dBm greater at 2.4 GHz and 9 dBm greater at 5.8 GHz, although at some locations a 20 - 25 dBm increase was observed. It is noted that an antenna at a height of 1.5 m in the lateral centre of a tunnel is close to the overall cross-sectional centre of the tunnel, unlike an antenna close to a wall. It is speculated that the observed reduction in signal strength is due to a decreased efficiency of coupling into the waveguide at a non-central position. 
In Ashbourne Tunnel, the attenuation was very significantly greater with the transmitting antenna close to the wall at the 1 m point but this is anomalous because the distances were measured longitudinally so in this much larger diameter tunnel, the actual (i.e. diagonal) distance between the two stations was substantially greater when the mobile station was close to the wall. Except for short ranges, though, the attenuation was not significantly higher when the transmitting antenna was in proximity to a wall. Two possible explanations are presented. First, even in the lateral centre position, the transmitter was not close to the cross-sectional centre of the tunnel because this would have required it to be held at a height of 3 m. Accordingly, the comparison is between two non-ideal positions for waveguide coupling. Second, waveguide propagation does not become fully established in this large diameter tunnel within the length available so the propagation adheres partially to the free space model, therefore the issue of waveguide coupling is only partially relevant. 
3.5 Loss of LOS Tests
The purpose of these tests was to determine the effect of losing a line-of-sight (LOS) path due to progressing into a side tunnel. Although communication for a considerable distance along a non-LOS path is not viable, it is considered beneficial if communication can be maintained if LOS is lost, temporarily. These tests were only carried out in Holman’s Test mine because there are no side-passages in Ashbourne Tunnel.
The fixed receiver was placed at the same location that was used for the centre-line and wall proximity tests and readings were taken with the transmitter at a longitudinal range of 35 m, moving from the cross-sectional centre of the tunnel into a side tunnel in steps of 1 m until either the signal was lost or an arbitrary range of 50 m was reached. Only the 0 m and 1 m points were line-of-sight. Results are shown in Fig. 7 but a theoretical trace is not provided since simple modal theory does not take account of non-LOS. A single graph is used for both frequencies to illustrate the markedly different behaviour of the two frequencies. Attenuation figures are relative to the 1 m position that was used in the centre-line and wall proximity tests. 
On both frequencies, a large additional attenuation was experienced shortly after LOS was lost – 15 dBm at 2.4 GHz and 25 dBm at 5.8 GHz. Because microwave propagation is primarily a line-of-sight phenomenon in tunnels, propagation into a side passage is achieved mainly via reflections, including scattering from the irregular tunnel walls, and knife-edge diffraction. Only a small proportion of the signal is transferred into the side passage by these mechanisms so a high initial level of attenuation results. Furthermore, the signal in the side passage will initially adhere to free-space attenuation which suffers a high level of attenuation, paralleling the behaviour close to the transmitting antenna. Once the low order waveguide propagation becomes dominant, a low level of attenuation will once again apply but the signal will already have experienced a severe level of additional attenuation.
2.4 GHz is more resilient than 5.8 GHz to loss of LOS because the efficiency of coupling into a side tunnel is inversely proportional to frequency. In locations where transmission into side passages is considered essential, for example in room-and-pillar mines which are characterised by a rectangular grid of tunnels, passive reflectors at junctions have been shown to be effective – see (Isberg and Chufo, 1978).
3.6 Obstruction Tests
The purpose of these tests was to determine the effect of a metallic obstruction (a dump truck) between the transmitter and receiver. Tests were conducted in Holman’s Test Mine on both frequencies. Readings were taken with the transmitter first at a longitudinal separation of 1 m and then in steps of 10 m until the end of the usable portion of the tunnel (limited by dump truck access considerations) was reached. The vehicle measured 1.75 m wide, 2.25 m high (including the roll cage) and 3.75 m long and presented an obstruction of about 53% of the tunnel’s cross-sectional area, but less if the only partially obstructing roll cage is excluded. The authors believe that this percentage obstruction is typical of that caused by many types of moving vehicles and machinery, so operation in the vicinity of such an obstruction represents a likely scenario. Mobile plant such as continuous miners will represent a much larger percentage obstruction but communication is barely feasible under such conditions because the size of the gap between the machinery and the tunnel walls would close to the waveguide cut-off frequency, below which signal propagation cannot occur. Attenuation figures were calculated relative to the 1 m point in the cross-sectional centre of the tunnel.
The results are presented as Fig. 8 for Holman’s Test Mine at 2.4 GHz and Fig. 9 for Holman’s Test Mine at 5.8 GHz. Each graph shows the experimental results with and without the obstruction, and a theoretical trace relating to the scenario with no obstruction, which is what the theory is able to predict. Statistical measures of the errors between the experimental results and theoretical calculations for both frequencies are presented as Table 2.
Compared to the case with no obstruction, the presence of the metallic obstruction caused additional attenuation averaging 4.5 dB at 2.4 GHz, and resulting in additional attenuation at every test point. At 5.8 GHz the effect only became evident after 80 m from the obstruction, beyond which there was additional attenuation for every test point, averaging 10 dB. The fact that the average additional attenuation at 5.8 GHz is minimal is because there was an improvement in signal strength in the immediate shadow of the vehicle, a phenomenon that has been reported elsewhere, for example in (Arshad et al., 2008). The presence of the obstruction also had the effect of increasing the amplitude of fluctuations at 2.4 GHz but not altering the already high average level of fluctuations at 5.8 GHz. 
Although the irregular surfaces of mine tunnels cause continuous mode conversions from the dominant low order to the higher order waveguide modes that suffer from higher levels of attenuation, it is hypothesised that this effect is exaggerated by the presence of a highly reflective vehicle. This would explain the higher level of attenuation and variability after the obstruction on 2.4 GHz. A possible explanation for the much reduced effect at 5.8 GHz is that waveguide type propagation is much less well established at the distances represented in this test where free-space type propagation is still dominant.
It is likely that the increased attenuation caused by the obstruction is due to the smaller effective cross-sectional dimensions of the tunnel caused by the vehicle and the fact that waveguide attenuation is inversely proportional to the tunnel’s cross-sectional dimensions. The fact that attenuation is also inversely proportional to the frequency would explain why the effect of the obstruction is less at 5.8 GHz than at 2.4 GHz, and this is expected to be the case even if the transmitter was further from the obstruction where waveguide type propagation is better established.
The increase in signal strength immediately behind the obstruction at 5.8 GHz is, perhaps, unexpected and is probably explained by constructive interference of reflected and refracted rays. Although this is very much site- and frequency-specific, and therefore difficult to predict, it is worthwhile commenting that, if communication proves difficult some distance behind an obstruction, although counter-intuitive, it might be worthwhile moving closer to the obstruction.
3.7 Short-range Variability Tests
The centre-line tests showed long-range fluctuations in signal strength superimposed on an overall attenuation with distance. However, during these tests, fluctuations were also noted over much shorter distances. The purpose of these tests, therefore, was to determine the characteristics of these short-range variations.
At each location, the receiver was placed at the same position as in the centre-line and wall proximity tests. Measurements were made with the transmitter moving longitudinally in steps of 0.1 m over a range of 10 m, and laterally in steps of 0.1 m, across the width of the tunnel. Attenuation figures are relative to the same 1 m position that was used in the centre-line and wall proximity tests.
Tests were conducted in both tunnels on both frequencies. A statistical summary of the errors between the experimental results and theoretical calculations is presented in Table 3. As a representative sample of the results, those for Ashbourne Tunnel are presented. Fig. 10 shows the results for longitudinal movement at 2.4 GHz, Fig. 11 shows the results for longitudinal movement at 5.8 GHz, Fig. 12 shows the results for lateral movement at 2.4 GHz and Fig. 13 shows the results for lateral movement at 5.8 GHz. The graphs have been plotted using the same vertical axes as the corresponding ones for the centre-line and wall proximity tests so that the variability does not appear exaggerated and comparisons can easily be made.
Although some regions exhibit greater variability than others, an appreciable level of short range fluctuation was noted in most areas, due to the effects discussed in Section 3.4. It was observed that a higher level of fluctuation occurs at 5.8 GHz than 2.4 GHz, that the magnitude of lateral short-range variations tend to be greater than longitudinal ones but that the longitudinal variations occur over shorter distances, and that fluctuations are greater in Ashbourne Tunnel than Holman’s Test Mine.
The greater variability at 5.8 GHz than at 2.4 GHz, and in the tunnel with the larger cross-sectional dimension, is probably because free-space propagation extends further at higher frequencies and in larger tunnels. Given that free-space propagation is characterised by rays at all possible angles, but waveguide propagation is characterised by parallel rays, there is more scope for constructive and destructive interference in the free-space region.
The mix of waveguide modes could explain the difference between lateral and longitudinal fluctuations. The greater the longitudinal separation between the transmitter and receiver, the better the signal is coupled to the lowest order mode, but the change occurs gradually. However, the optimal transmitter position for coupling into the lowest order mode is the tunnel’s cross-sectional centre. It is speculated, therefore, that moving the transmitting antenna closer to one wall, and hence further away from another wall, will cause a more rapid increase in the higher order modes which suffer increased multipath effects. 
As a worst case scenario, a difference of 15 dBm was measured over a lateral distance of 0.1 m in Ashbourne Tunnel. Such high potential levels of fluctuations must be taken into account during network planning if drop-outs are to be avoided. Fortunately, the magnitude of the fluctuations will be greater close to the transmitter yet the impact of any such fluctuations is more serious at longer ranges where the limit of communication is being approached.
3.8. Network Planning Approach
The magnitude of adverse effects such as wall proximity and obstructions, and of short range fluctuations, should be recognised in network planning. However, the exact location of short-term variations and their magnitude cannot easily be predicted. Accordingly a two-stage approach to network planning is suggested.
First, an average attenuation rate should be calculated from modal theory and a path loss figure determined. Then, using information about possible adverse effect such as wall proximity and obstructions, plus short range fluctuations from the long-range average, a system can be planned with adequate ‘head room’ to cope with the expected variations. In some instances the information presented in this paper will be sufficient to assess the likely deviations from the average attenuation. However, when the tunnel is substantially different from those referred to here, it is envisaged that a modest program of experimental work will allow the particular characteristics of the tunnel to be characterised so that the same two-stage methodology can be employed.
4 Conclusions
The work described in this paper presents a simplified model of microwave propagation in tunnels that can be used by mining professionals, and to characterise how the theoretical results at 2.4 GHz and 5.8 GHz differ from those measured experimentally in typical tunnel conditions. This allows practitioners planning an underground communication system to adopt a two-stage approach.
First, using the readily obtainable tunnel characteristics of cross-sectional dimensions, wall roughness and tilt, an average attenuation rate is calculated from a simple application of modal theory. In the tunnels used in these studies, under ideal conditions, this approach provided results that differed from those measured experimentally by an average of between 0.5 dBm and 5.0 dBm, depending on the location and frequency.
Then, using information about the likely differences from the performance as predicted by the model, a system can be planned with adequate ‘head room’ to cope with these expected variations. These deviations take two forms and both have been studied experimentally.
First, because of the presence of higher waveguide modes than those included in the simplified model, short- and long-range fluctuations are superimposed on the average level of attenuation predicted by the model. Experiments showed that long-range fluctuations were typically in the region of 5 dBm - 10 dBm either side of the trend, and that short-range fluctuations can be as high as 15dBm by moving just 100mm.
Second, although the model assumes the ideal scenario of operating over a line-of-sight path with the transmitter and receiver in the cross-sectional centre of the tunnel, practical considerations sometimes prevent this. Therefore, operation close to the tunnel wall, in the presence of a partial obstruction such as a vehicle or machinery, and when line-of-sight is lost due to progressing a short distanced into a side tunnel were studied. It was found that operating close to a wall can increase the attenuation by as much as 20 - 25 dBm, although 7 - 9 dBm is more typical. Locating the transmitter close to a partial obstruction can cause an additional 4.4 dB to 10 dBm attenuation, depending on frequency, and progressing into a side tunnel results in an immediate additional attenuation of 15 dBm to 25dBm, depending on frequency, followed by an increased rate of attenuation.
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Figure Captions
1 Test setup in Holman’s Test Mine
2 Test setup in Ashbourne Tunnel
3 Centre-line and wall proximity test, Holman’s Test Mine, 2.4 GHz
4 Centre-line and wall proximity test, Holman’s Test Mine, 5.8 GHz
5 Centre-line and wall proximity test, Ashbourne Tunnel, 2.4 GHz
6 Centre-line and wall proximity test, Ashbourne Tunnel, 5.8 GHz
7 Loss of LOS test, Holman’s Test Mine, 2.4 GHz
8 Obstruction test, Holman’s Test Mine, 2.4 GHz
9 Obstruction test, Holman’s Test Mine, 5.8 GHz
10 Short-range variability test, Ashbourne Tunnel, longitudinal (120 m – 130m), 2.4 GHz
11 Short-range variability test, Ashbourne Tunnel, longitudinal (120 m – 130m), 5.8 GHz
12 Short-range variability test, Ashbourne Tunnel, lateral (120 m), 2.4 GHz
13 Short-range variability test, Ashbourne Tunnel, lateral (120 m), 5.8 GHz

Tables & Table Captions
Table 1 Statistical measures of error in centre-line and wall proximity tests (theoretical minus measured)
		Centre	Wall
		Average Error (dBm)	Std. Dev. of Error (dBm)	Relative RMSE (%)	Average Error (dBm)	Std. Dev. of Error (dBm)	Relative RMSE (%)





Table 2 Statistical measures of error in obstruction tests (theoretical minus measured)
		Clear	Obstruction
		Average Error (dBm)	Std. Dev. of Error (dBm)	Relative RMSE (%)	Average Error (dBm)	Std. Dev. of Error (dBm)	Relative RMSE (%)
Holman’s Test Mine	2.4 GHz	0.5	3.0	10	-4.5	4.0	23
	5.8 GHz	-5.0	4.0	28	-6.5	4.0	21

Table 3 Statistical measures of error in short-range variability tests (theoretical minus measured)
		Longitudinal	Lateral
		Average Error (dBm)	Std. Dev. of Error (dBm)	Relative RMSE (%)	Average Error (dBm)	Std. Dev. of Error (dBm)	Relative RMSE (%)
Holman’s Test Mine	2.4 GHz	2.0	2.0	16	3.5	4.0	14
	5.8 GHz	-8.0	5.0	24	-7.0	4.5	21
Ashbourne Tunnel	2.4 GHz	1.0	2.0	6	2.5	5.5	15
	5.8 GHz	0.0	4.0	9	-2.5	3.5	17




